High-resolution infrared spectra from aircraft and space-based observations contain information about tropospheric carbon monoxide (CO) as well as other trace species. A methodology for retrieving tropospheric CO from such remotely sensed spectral data has been developed for the National Polar-Orbiting Operational Environmental Satellite System's Airborne Sounder Testbed-Interferometer (NAST-I). CO profiles of the troposphere, together with its thermodynamic properties, are determined by use of a three-stage retrieval approach that combines the algorithms of physically based statistical eigenvector regression, simultaneous and iterative matrix inversion, and single-variable error-minimization CO profile matrix inverse retrieval. The NAST-I is collecting data while it is aboard high-altitude aircraft throughout many field campaigns. Detailed retrieval analyses based on the NAST-I instrument system along with retrieval results from several recent field campaigns are presented to demonstrate NAST-I CO retrieval capability.
Introduction
Tropospheric chemical reactions involving carbon monoxide (CO) extend their influence to the global climate through accumulation of greenhouse gases. Trace amounts of CO are found in the atmosphere. The significance of CO in atmospheric chemistry was recognized when a photochemically driven chain reaction was proposed to link the tropospheric cycles of CO, methane ͑CH 4 ͒, and ozone ͑O 3 ͒ with those of the hydroxyl radical ͑OH͒ and the hydroperoxyl radical ͑HO 2 ͒. 1 CO, because of its relatively long lifetime, can be transported a great distance from its original source. Air particles downwind of combustion (e.g., biomass, fossil fuels) often show elevated CO and O 3 as a result of photochemical production. 2 The importance of improving our knowledge of tropospheric chemical gases relating to environmental health and the magnitude of global climate change has been recognized. 3 The critical role of satellite and aircraft observations has been established as the necessary global and regional observations have been provided for understanding the complex chemistry and transport processes involved in regional air pollution chemistry and its influence on the global environment.
In December 1999, the Measurement of Pollution in the Troposphere (MOPITT) instrument was launched aboard the Terra satellite 4 -6 for spacebased measurement of CO and CH 4 . The Tropospheric Emission Spectrometer (TES) has been launched aboard the Aura satellite and is detecting tropospheric trace species. One of the objectives of these missions is to monitor the global CO distribution. 7 The observations from hyperspectral infrared Fourier-transform spectrometers flown on aircraft and spacecraft have been used to infer the atmospheric temperature, moisture, and concentration of trace gas species by use of radiative transfer equation inversion techniques. 8 -11 The National Polar-Orbiting Operational Environmental Satellite System (NPOESS) Airborne Sounder TestbedInterferometer (NAST-I) has been successfully operating on high-altitude aircraft (i.e., ER-2 and Proteus) since 1998. [12] [13] [14] [15] The NAST-I provides high spatial linear resolution, equal to 13% of the aircraft's altitude at nadir, scanning, and high spectral resolution ͑0.25-cm Ϫ1 ͒ measurements within the spectral region 645-2700 cm Ϫ1 from the NASA ER-2 or the Northrop Grumman Proteus aircraft flown at an altitude 15-20 km. The NAST-I is designed to support the development of future satellite temperature and moisture sounders such as the Infrared Atmospheric Sounding Interferometer (IASI) on the METOP satellite (to be launched in 2006), the CrossTrack Infrared Sounder (CrIS) on the NPOESS Preparatory Project (NPP) (in 2006) and NPOESS (in 2008 NPOESS (in -2010 satellites, and the Geostationary Imaging Fourier Transform Spectrometer (GIFTS) and the Hyperspectral Environmental Suite (HES) to fly on geostationary satellites (in approximately 2013). It has provided hyperspectral resolution remote-sensing data for simultaneously retrieving atmospheric temperature, water vapor, O 3 and CO, along with cloud and surface properties. The temperature and moisture retrievals under clear-sky conditions have been validated. 15 The object of the measurement of chemical abundance (such as tropospheric O 3 and CO) is the monitoring of air quality and the initialization of climate process models. Several existing inversion algorithms for retrieving CO from nadir remote-sensing measurements in the infrared have been summarized. 16 The general physical retrieval approach presented here is to use the socalled the regularization algorithm (or minimuminformation method) in a nonlinear least-squares spectral radiance fitting mode. The primary objectives of the current study are the further development of the NAST-I retrieval algorithm for the simultaneous retrieval of thermodynamic parameters and chemical species, such as CO and O 3 . Results of retrieval analyses based on simulated data, retrieval sensitivity calculations, and aircraft dataretrieval error assessments are presented here. Examples of CO abundances, retrieved with the algorithm described herein applied to recent NAST-I field campaign data, are validated with in situ tracegas measurements made from other aircraft.
Description of the Forward and Inverse Radiative Transfer Models

A. Fast-Forward Model and Weighting Functions
The Optimal Spectral Sampling (OSS) fast radiative transfer model, 17 which was developed for NAST-I analyses and used in NAST-I retrieval algorithms, is briefly described here. In the OSS approach, which is an extension of the exponential sum fitting transmittance method, 18 radiance for each instrument channel is represented as a linear combination of radiances computed at a few preselected monochromatic frequencies within the domain spanned by the instrument's line shape function. 19 On average, only 2.6 monochromatic radiance calculations are needed for each NAST-I channel. These radiances are calculated by use of an optical depth lookup table, which is generated for various atmospheric gases at different temperatures and pressures. As with other fast radiative transfer models, the model parameters (i.e., weights and locations for monochromatic frequencies) are obtained off line by training under various atmospheric and surface conditions and various observation geometries. One performs the optimal selection of monochromatic frequencies and the computation of the weights by minimizing the difference between radiances derived from the approximate OSS formulation and those obtained with a reference line-by-line model. The NAST-I OSS model is designed to rapidly compute transmittances and radiances for several major atmospheric species (i.e., CO 2 , H 2 O, O 3 , and CO) from any aircraft-sensor altitude, a capability that greatly assists airborne instruments such as the NAST-I to achieve accurate forward model simulation. We examine the accuracy of this fast-forward model by comparing the spectral radiance (or brightness temperature) of the OSS model with that of the Line-by-Line Radiative Transfer Model 20 (LBLRTM, version 8) over a set of 106 atmospheric profiles randomly selected from the National Oceanic and Atmospheric Administration's 1988 radiosonde database (NOAA88, a total of 7547 profiles). The mean standard deviation error (STDE) over 4424 regression inversion channels, 687 simultaneous matrix inversion channels, and 160 CO profile enhancement inversion channels is 0.068, 0.073, and 0.105 K, respectively. A detailed OSS model description can be found elsewhere, 19 and assessments of its performance and accuracy are in preparation for publication. 21 The weighting function, or Jacobian matrix (defined as the derivative of radiance with respect to an atmospheric parameter), is commonly used to illustrate the spectral channel retrieval sensitivity to its radiance. In the research reported here, weighting functions are calculated by an analytical scheme or a numerical perturbation method. 22, 23 The Jacobian matrices produced by the NAST-I OSS fast radiative transfer model shown in Fig. 1 are for gases of constant mixing ratios (e.g., CO 2 and N 2 O), for H 2 O, and for CO simulated as would be observed from an altitude of 51 mb [mbars ͑1 mbar ϭ 100 Pa͒] by use of the U.S. standard atmosphere with a surface skin temperature of 290.5 K. Note that the weighting functions associated with constant mixing ratio gases and water vapor have peaks distributed throughout the range of pressure altitude, indicating that the channels in these spectral regions can be used for temperature and water-vapor profile retrieval. 15 The CO weighting functions also show the vertical sensitivity in the troposphere, which is discussed in Section 3 below with respect to CO-retrieval sensitivity for NAST-I spectral resolution and instrument noise. Inasmuch as the retrieval problem described is ill posed, additional information is needed to constrain the solution. The radiosonde temperature and mois-ture profiles obtained in the same season (approximately 3 months) of previous years and over a geophysical location within a radius of approximately 900 km are used for the training data set (usually a few thousand profiles are used). 15 Here, statistical samples of CO profiles are used with radiosonde temperature and water-vapor profiles to produce coefficients for regression retrieval. The CO training profile statistics are important for estimating the CO profile in the altitude range where CO Jacobian matrices indicate weak radiance sensitivity. Unfortunately, CO profiles are not sampled simultaneously with the radiosonde temperature and moisture profiles used for the statistical regression retrieval. As a result, CO abundance profiles must be assembled for each radiosonde profile from the relationship between thermodynamic parameters (i.e., temperature and moisture) and CO abundance profiles on measurements from aircraft made during several atmospheric chemistry field campaigns. The same methodology is used to manufacture O 3 profiles for statistical retrieval algorithm training.
The regression retrieval is used as the initial, or first-guess, profile as a constraint for a matrix inverse retrieval of the thermodynamic and trace-gas variable profiles. The description of a linear statistical regression retrieval method used here, called empirical orthogonal function (EOF) retrieval, can be found elsewhere. 9 Detailed validations conducted by use of results from numerous NAST-I field campaigns have indicated that thermodynamic parameters (i.e., temperature and water-vapor profiles) can be accurately retrieved with this physically based EOF regression method. 15 Once the first guess is generated from the regression technique described above, a nonlinear iterative procedure is set up to produce a retrieval that is an improvement of the first guess. The TwomeyTikhonov solution (i.e., the regularization algorithm or the minimum-information method) 24 -27 is chosen for a NAST-I physical retrieval methodology that does not use forecast analysis. The NAST-I regression result serves as the first guess in the physical retrieval processing. Detailed NAST-I physically based EOF regression and simultaneous matrix inversion (i.e., nonlinear multivariable physical iteration) can be found elsewhere 15 ; they are described herein as inversion stage 1 (denoted REG hereafter) and inversion stage 2 (denoted SMI hereafter), respectively. The same methodologies have been expanded to include retrieval of trace species (i.e., CO and O 3 ).
C. CO Profile Enhancement
SMI provides an improvement in the accuracy of the thermodynamic parameter retrievals and enhances the vertical profile characteristics of the CO retrievals. However, the absolute accuracy of CO profile retrieval can be further improved. The spectral channels used for this nonlinear SMI are carefully selected. The optimal channels where the spectroscopy is well known should provide minimal redundant information for both temperature and atmospheric constituents; in addition, they are the channels that have the smallest detector noise, calibration error, and forward model uncertainty. These channels are chosen to lie between absorption line centers because these spectral locations are where the sharpest weighting functions occur. These CO weighting functions are shown in Fig. 2 (a) for the channels selected for CO to be simultaneously retrieved with other parameters. These CO channels satisfy the condition of "providing least-redundant information" 15 as desired for SMI methodology. However, there are many other CO channels that can also provide information for CO-retrieval enhancement when CO is dealt with only as a stand-alone retrieval; therefore these channels do not need to satisfy the condition of providing least-redundant information as desired in the simultaneous inversion process. The CO weighting functions of all NAST-I CO-sensitive channels are shown in Fig. 2(b) . Retrieval channels are limited to the CO ͑1-0͒ vibration-rotation band region (approximately 2050-2250 cm
Ϫ1
). These channels provide information on the CO profile; even though many channels are redundant in spectral information, they are independent in terms of random measurement noise. Thus as many channels as possible should be used for subsequent minimization of CO-retrieval error. In this final CO physical retrieval, only CO mixing ratios are the variables in the iterative inversion process. The nonlinear matrix inversion (or minimum-information method) described above is then repeated to retrieve CO profiles exclusively by use of almost all CO-sensitive channels within its (1-0) band region. Several checks are made again for retrieval quality control. The rms of quantity (i.e., between observed and calculated radiances) from all selected CO channels is computed to check the convergence or divergence, which then decides whether the iteration is to be continued or stopped. The degree of convergence of each iteration depends on the accuracy of the previous atmospheric and surface state. This final CO profile enhancement inversion (PEI) is the single-variable matrix inversion (inversion stage 3). The NAST-I retrieval package has a friendly setup to allow the user to choose the retrieval processing stages, which depend on the parameters to be retrieved, retrieval accuracy, and computational time requirements.
CO Retrieval Simulation and Analyses
Analyses with the physically based REG and the nonlinear SMI for the NAST-I instrument have been performed. These retrieval methodologies were expanded to include CO retrieval. Detailed CO-retrieval simulation and analyses using the CO inversion scheme described above were performed to demonstrate the CO-retrieval sensitivity and accuracy of the NAST-I. The CO weighting functions indicate the radiance sensitivity to amount of CO (i.e., dR͞R ϭ COWFdCO͞CO, where R is radiance, COWF is the CO weighting function and CO is the CO mixing ratio). Simulation analyses presented in this section include an assessment of NAST-I CO vertical information content performed with the averaging kernels and statistical analyses based on retrieval simulations with a set of 300 atmospheric profiles (with radiosonde temperature and moisture profiles and manufactured CO and O 3 profiles). The error contributions to the CO retrieval are simulated for the NAST-I instrument. Two sets of analyses are shown to demonstrate how the retrieval accuracy is affected by first-guess accuracy. In addition, independent retrieval analyses were performed over a set of in situ measured CO profiles (a total of 69 profiles containing the data up to 300 mb) to show retrieval accuracy. Statistical analysis of the vertical information content over this data set is performed through application of principal component analysis.
A. Vertical Resolution Assessment
The averaging kernels are the character functions of the retrieval and represent the way in which a true atmospheric state is transformed into a derived atmospheric state by the retrieval system. Detailed formulation and definition of the averaging kernel can be found elsewhere. 5, 28 The averaging kernels define the vertical resolution of the retrieved atmospheric state. The averaging kernels specify the relative contribution of each element of the true state vector to the estimated state vector at a particular layer, and the vertical resolution for the retrieval can be characterized by the full width at half-height. 29 Averaging kernel A describes the dependence of retrieved state vector x on true state vector x through the relation A ϭ ͑Ѩx͞Ѩx͒. 6 This relation is used in this study. An averaging kernel can be computed with NAST-I instrument characteristics by use of forward and inversion simulations based on CO profile perturbation at a corresponding atmospheric layer. Figure 3 shows averaging kernels simulated for the NAST-I instrument by use of the U.S. standard atmosphere (with a surface͞atmosphere thermal contrast of 3.0 K). Selected significant layers have been plotted for clarity; they show the most sensitive altitude region as being approximately 800-300 mb.
B. Sources of Retrieval Error
It is essential to estimate the CO retrieval error and the sources of error. However, under the circumstances of this type of ill-posed multiparameter simultaneous retrieval, the retrieval error spreads throughout all retrieved parameters; therefore performing an absolute CO-retrieval-error analysis is complicated. In the research reported here, the relative CO-retrieval-error estimation is performed with a few assumptions. The vertical weighting uncertainty through the CO-retrieval processing is ignored. The CO-retrieval-error analysis is simulated with 300 subindependent samples (with nominal CO, i.e., comparable to that used for regression coefficients); the instrument noise is added to simulated NAST-I radiance for retrieval processing. CO PEI is performed with the true parameters used as first guesses, except that one of the parameters is perturbed. One then compares the retrieved CO profiles with the truth to compute the mean difference and the STDE contributed by that perturbed parameter. The simulation can also be performed without any perturbed parameters to produce a CO STDE that is contributed by the instrument noise on CO-retrieval channels. The instrument noise and forward model error are key sources of the retrieval error, introducing retrieval errors in thermodynamic parameters. One can add the OSS model error addressed in Subsection 2.A to simulated NAST-I radiance to estimate CO-retrieval error. Note that the LBLRTM error (including the HITRAN database error such as CO line strength uncertainty) is excluded here. Here we assume that the surface skin temperature, surface emissivity, and solar radiation are combined to yield the effective surface skin temperature, which has an error of 1.5 K; we also assume a 1.0-K error for the temperature profile and a 20% error for water vapor through all altitudes. These estimations are based on retrieval analyses and validations over a large diversity of cases. NAST-I instrument noise is included in all analyses performed here. The CO-retrieval errors (i.e., deviations from the truth) introduced by the perturbations of those parameters, as well as the fast-forward model error, are estimated. The mean CO profile difference and the STDE from the perturbed parameters, and the fast-forward model error, are shown in Figs. 4(a) and 4(b) , respectively. These are the major parameters that make significant contributions to the radiances in the CO 4.7-m-band region. The retrieval errors of these parameters propagate during CO retrieval and contribute significantly to the CO-retrieval error. In addition, the retrieval error is dependent on the accuracy of the first guess because the retrieval is ill posed; further discussions appear in the following subsections.
C. Analyses with 50% Enlarged CO To test and magnify the retrieval ability, CO profiles are deliberately increased by a factor of 1.5 before NAST-I spectral radiances are simulated; these radiances are then added with NAST-I instrument noise 15 for retrieval analyses. The regression coefficients used here are still from the training set with nominal CO profiles. These simulations will show improvements rather than optimal retrievals through the retrieval stages. The atmospheric state (including CO) is retrieved through all retrieval stages and used to simulate NAST-I radiances that are then compared with the original radiances to illustrate the accuracy of the retrieval obtained from the different stages. Figure 5(a) shows the spectral radiance STDE over this set of subindependent samples between the original radiance and the retrievalsimulated radiance; the CO 1-0 vibration-rotation band region is expanded in Fig. 5(b) . The three curves are for REG, SMI, and CO PEI, respectively. Although accurate thermodynamic retrievals can be achieved rapidly through regression processing, chemical gases such as CO in the 4.7-m region do not have adequate regression-retrieval sensitivity for achieving good retrievals. The radiance STDE that results from SMI shows an overall improvement in both thermodynamic and chemically gaseous parameters. A significant convergence in the CO band region has been shown. The CO retrieval can then be further improved through a CO PEI, which is iterated to account for the nonlinear relationship between radiance and the CO mixing ratio. Although radiance convergence is improved in the SMI, the radiance convergence in the final CO PEI is small but still significant in minimizing CO retrieval error. The radiance STDE indicates the close radiance fitting in Fig. 3 . Selected significant averaging kernels calculated for retrieving the U.S. standard atmosphere with NAST-I instrument specifications. Perturbed layers are indicated. Fig. 4 . CO-retrieval error introduced by the other retrieval parameter uncertainties: the skin temperature ͑1.5 K͒, the temperature profile (1 K, circles), the water-vapor profile (20%, asterisks), the fast-forward model error (FM ERR).
the CO 4.7-m-band region through CO PEI iterations.
The total CO column density is calculated by use of retrieved CO and temperature profiles to compare with its original truth. The accuracy of this parameter is dependent not only on the CO profile's accuracy but also on the temperature profile's accuracy. Despite the uncertainty in temperature retrieval, the total CO column densities from three retrieval stages are plotted against the truth in Fig. 6 . It is noteworthy to point out again that the amount of CO to be retrieved is much larger than what is used in the statistical regression training data. As expected, the regression approach then gives poor CO retrieval results; however, the scattering-fitting line still shows an attempt to fit the truth. It implies that the statistical regression has somewhat positive retrieval sensitivity for CO. The statistical results of the absolute mean differences of this data set from three retrieval stages (with the STDE in parentheses) are 1.419 (0.699), 0.490 (0.713), and 0.236 (0.546), respectively, ϫ 10 18 cm
Ϫ2
. Both the average deviation and the STDE of CO column density are greatly minimized through the retrieval stages.
The mean differences between the retrieved CO profiles and their original truth, and their associated STDEs for three retrieval stages, are plotted in Fig. 7 . The REG retrieval shows little convergence because the CO profiles to be retrieved are approximately 50% higher than the average CO profile used in the regression training data set. The physical retrievals tend to conserve the total CO amount, with the CO profile compensated for between atmospheric layers according to the CO weighting functions (shown in Fig. 2 ) that show the most sensitive altitude region located between approximately 300 and 800 mb. The CO retrieval in this vertical region is more sensitive, which results in more CO abundance being added to this region to compensate for regions below and above where CO has much less sensitivity. As one can see from Fig. 7 , the first-guess CO profile obtained through the REG is doubtful because of its weak regression sensitivity. The physical retrieval relies on this unconvincing first guess, which introduces a large retrieval error. The STDE shown in Fig. 7 indicates a significant retrieval uncertainty in the profile. Fig. 5 . Radiance STDE between original and retrieval-simulated radiances from three retrieval stages (bottom, the CO band region of the top; see text). Spec., spectral. 
D. Analyses with Nominal CO
The CO profile retrieval accuracy is dependent on the first guess. The above analyses are repeated with nominal CO measurements. Figure 8(a) shows the radiance STDE that results from physical SMI and the overall improvement in both thermodynamic and chemically gaseous parameters. A significant convergence in the CO band region has been shown [ Fig.  8 (b)]; CO retrieval can then be further improved through a final CO PEI. Figure 9 shows the retrieved CO column density compared with the truth. The statistical results of the absolute mean differences of this data set (with the STDE in parentheses) from three retrieval stages are 0.279 (0.484), 0.063 (0.393), and 0.085 (0.362), respectively, ϫ10 18 cm
Ϫ2
. The insignificant difference between the results of SMI and the final CO PEI is due to retrieval limitation and uncertainty. The mean differences between the retrieved CO profiles and their original truth, and their associated STDE for three retrieval stages, are plotted in Fig. 10 . Figures 8 -10 are similar to Figs. 5-7 but show a great improvement in the CO retrieval accuracy when the CO first guess is improved; in other words, the retrieval error depends on the accuracy of the first guess. Figure 10 gives a more realistic retrieval error than the error estimations shown in Figs. 7 and 4. Figure 7 was produced by the underestimated CO first guess, whereas Fig. 4 was produced by the true atmosphere as the first guess, except for the perturbed parameter. The relatively large error within the boundary layer (e.g., below ϳ800 mb) is caused by poor CO-retrieval sensitivity as shown by CO weighting functions and the averaging kernel analysis. The analyses shown here are simulated over water. However, the CO retrievalsensitivity in the boundary layer may depend on surface air and skin temperature contrast. The CO boundary-layer-retrieval sensitivity may increase when surface air and skin contrast is a maximum over land during the midafternoon.
E. Analyses with In Situ Measured CO
The retrieval analyses simulated in Subsections 3.C and 3.D are not absolutely independent because those CO profiles were generated in the same fashion in which CO profiles were produced for the training data set. Here, a set of Transport and Chemical Evolution over the Pacific; March, 2001 (TRACE-P) merged in situ measurements (up to a pressure altitude of 300 mb) of temperature, water vapor, O 3 , and CO, a total of 69 profiles with a large CO distribution diversity (i.e., relatively clean, polluted, and transported CO distributions shown in Fig. 11 ), was chosen here for retrieval testing as described above. These profiles are independent of the test set profiles used in development of the retrieval algorithm. Retrievals are performed on NAST-I radiance (with instrument noise) simulated from merged in situ measurements. The final retrieval results are compared with the truth (in situ measured), indicating that the total CO column density is captured (shown in Fig. 12 ); and retrieved CO profile error (shown in Fig. 13 ) is expected from earlier subindependent retrieval simulations.
As shown above, one can assess the CO vertical resolution by averaging kernel performance. However, with a set of retrieved CO profiles the CO vertical resolution (or the vertical information content) Fig. 12 . Final CO PEI retrieved column density versus the truth (in situ measurement shown in Fig. 11 ) over 69 independent samples (see text). can also be assessed by use of principal component analysis. This analysis allows us to estimate the vertical information content or vertical structure (eigenvectors) present in CO profiles and associated intensity (eigenvalues). Covariance matrices are calculated from these 69 in situ CO profiles and their corresponding retrieved profiles. Then the corresponding eigenvalues and eigenvectors that result from these covariance matrices are calculated. As shown in Fig. 14 , the first four eigenvectors as well as the associated eigenvalues are in fair agreement between the truth and the final CO PEI retrieval, indicating that basic CO vertical distributions (i.e., few eigenvalues and associated eigenvectors) are nearly captured by the NAST-I retrievals.
The convergence through the physical iteration indicates that tropospheric CO can be retrieved from NAST-I measurements but with fairly poor accuracy in the profile as indicated from the weighting functions, averaging kernels, and statistical analysis (i.e., principal component analysis) of retrievals. However, NAST-I retrieved CO profiles are accurate for the column density computation. The close agreement between the observed and the retrieval-calculated radiances and the total CO column density derived from the retrieval indicate that, at the least, the total column amounts of CO are accurately retrieved from NAST-I data; this certainty is even further enhanced when NAST-I local observations are averaged to reduce the noise.
NAST-I CO Retrievals
A. CLAMS Retrieval of 14 July 2001
Retrievals obtained from real NAST-I measurements are presented in this section; these retrievals are achieved without resorting to radiosonde tuning (i.e., radiance bias correction). Detailed validation of the retrieval methodology (REG and SMI) was performed to show accurate retrievals of thermodynamic parameters, such as temperature and water-vapor profiles. 15 The temperature and water-vapor profiles can be validated by nearby radiosonde observations. A small sample of NAST-I data, collected from the Chesapeake Lighthouse and Aircraft Measurements for Satellite (CLAMS) field campaign of July 2001, is utilized to retrieve atmospheric and surface parameters in the three-stage retrieval process described above. Accordingly, the retrievals are presented as initial REG and final CO PEI products. Figures 15  and 16 show the final retrievals of the surface properties, temperature, and moisture profiles. The universal time (UT) is associated with the location shown in Fig. 15 . The retrieved surface properties of skin temperature and emissivity correspond well to surface types such as land and water. Relatively warmer skin temperatures are shown over land than over water, as expected for daytime measurement conditions. The smaller emissivities (at 11 m) associated with streets and building materials within the city of Norfolk, Virginia ) as obtained from REG and the final CO PEI, respectively. Unfortunately, this set of CO retrievals cannot be fully validated because of the lack of coordinated and coincident in situ verification measurements (i.e., ground truth). One has to rely on qualitative validation by use of appropriate climatologic data. The mean-REG retrieved CO column of 2.7 ϫ 10 18 cm
Ϫ2
reflects an environment such as large pollution or fire, 10, 30, 31 whereas the final PEI-retrieved CO column of 2.3 ϫ 10 18 cm Ϫ2 still indicates a somewhat lesser industrially polluted environment. As indicated by the simulation analyses, a relatively larger error can be introduced when other atmospheric and surface parameters are simultaneously retrieved with their uncertainties. However, one can greatly reduce the retrieval error (i.e., random error) by coadding the retrievals. The REG and final CO PEI cross sections from the nadir mode along the aircraft track are shown in Figs. 18(a) and 18(b) , respectively. Furthermore, the radiance comparison described in the retrieval simulation is used to validate the radiance convergence from initial REG to final PEI retrieval. The retrievals are used to compute the NAST-I spectral radiances in comparison with their associated NAST-I observed radiances. The radiance STDE and the mean radiance difference are shown in Figs. 19 and 20 , respectively. The improvement (i.e., convergence) made by the subsequent physical iteration retrieval is evident. In particular, the radiance residual in the CO band region is significantly reduced from the REG to physical nonlinear PEI. The residuals that remain after the physical retrieval indicate that the retrieval accuracy for all the parameters is limited by instrument noise. The agreement between the observation and retrieval-calculated radiance indicates that, at the least, the total column amounts of CO are accurately achieved. Although O 3 retrieval is not within the scope of this paper, it is worthwhile to point out that the radiance convergence in the O 3 9.6-m band region reveals that an accurate O 3 column amount is obtained through the physical nonlinear iterative retrieval. As the O 3 ͑101-000͒ band region (approximately 1968-2164 cm
Ϫ1
) appears within the CO 4.7-m band region, the simultaneous retrieval of the total O 3 amount benefits the accuracy of CO profile retrieval.
B. TRACE-P Retrieval of 13 March 2001
Another field campaign, TRACE-P, provided CO in situ measurements 32 Fig. 21(a) , the DC-8 was near 22N latitude, ascending and descending to a vertical profile (with the aircraft) five times. Proteus took off from Okinawa, Japan, ascended to a cruising altitude of ϳ14 km, and then flew northwest. Although these two aircraft were not at exactly the same location at the same time (they were approximately 1 day apart), these flights still provided a unique opportunity to compare NAST-I CO retrievals roughly with nearby in situ CO profile measurements. NAST-I retrievals from the most southern portion (approximately 29N-30N latitude, ϳ10 min in duration) of the Proteus flight, after the aircraft reached a stable altitude, are used for comparison with the in situ measurements. The vertical cross section of NAST-I CO retrievals (from the final retrieval stage) is plotted in Fig. 21(c) , and its mean profile is plotted in Fig. 21(b) , showing good agreement between final NAST-I retrieval and in situ CO profiles. The CO variation was indicated by both in situ measurements and NAST-I retrievals; discrepancies that depend on specific location and time differences between the remote NAST-I and the in situ CO measurements may exist.
C. U.S. East Coast CO Measurements
Numerous field campaigns were conducted over the U.S. East Coast. Figure 22 shows the NAST-I retrieved CO column density mapped from seven flights along the U.S. East Coast (from approximately 24N to 42N latitude) during the summer season (mostly July) collected from 1998 to 2002. In spite of the time difference and possible different industrial influences from inland, the CO distribution shows latitudinal dependence. The CO abundance is more pronounced in the higher-latitude region; the mean CO column density of each flight is plotted in Fig. 22 . The mean profiles from each flight are shown in Fig. 23 ; the different vertical distributions from these profiles indicate widely different CO distributions among these flights. The random error in the averaged retrieval (more than thousands of measurements) is greatly reduced. Despite the systematic error, the relative quantity (e.g., the deviation from the mean) shows the CO distribution from flight to flight monitored with NAST-I infrared measurements. It is worthwhile to point out that the large variation in the altitude region below 800 mb is produced mainly by the first guess that results from the REG, and the overall profile accuracy was discussed and indicated in earlier analyses. Although these retrievals are not validated because of the lack of truth data, the mean tropospheric CO profile at 0-14 km is comparable to the previous in situ measurements. 30, 33, 34 As illustrated in Fig. 24 , NAST-I tropospheric averaged CO abundances show a latitudinal distribution that varies from ϳ80 to ϳ150 parts in 10 9 by volume in the latitude region of approximately 24N-42N, which is similar to results of previous in situ measurements. Such previous measurements were obtained at 8-11 km (October-March), 33 at 5.0-6.5 km (May), 34 and at 0-14 km (July-August). 30 Despite the altitude intervals and seasonal differences among these data, the agreement in the CO latitudinal distribution trend is evident. The consistent thermodynamic parameters and CO column density retrievals from numerous NAST-I flights indicate not only a stabilized retrieval algorithm but also consistently accurate NAST-I spectral radiance observations over the years.
Conclusions
An inversion algorithm for tropospheric CO profile retrieval from Fourier-transform spectroscopy nadir observations has been developed, tested, and demonstrated with NAST-I measurements. In particular, the CO profile retrieval approach was developed and analyzed by use of forward and inverted simulations together with NAST-I measurements for retrieval tests. The results validate the integrity of the retrieval approach. NAST-I CO retrieval samples demonstrate the ability of the retrieval algorithm to capture not only temperature and moisture profile variations but CO variations as well. Furthermore, the vertical profile comparison with nearby in situ measurements of 12-13 March 2001 shows reasonable agreement; the latitudinal distribution along the U.S. East Coast shows comparable agreement with previous in situ measurements. Additional profile validation analyses to provide more-definitive conclusions have been strongly desired. These validation measurements were obtained during both July and September 2004, while the NAST operated aboard the Proteus aircraft for the Intercontinental Chemical Transport Experiment and the European AQUA Thermodynamic Experiment missions during which in situ data were gathered by the NASA DC-8 and the UK Met Office BAe146 aircraft, respectively. In any case, the retrieval analyses and preliminary NAST-I results presented here demonstrate that tropospheric CO abundance can be retrieved from accurate nadir observations of spectrally resolved radiances as achieved with a Fourier-transform spectrometer. 
